Chlamydia pneumoniae may play a role in atherogenesis and vascular diseases, and antibiotics may prove useful in these conditions. Three groups of New Zealand White rabbits (24 per group) were infected via the nasopharynx with C. pneumoniae on three separate occasions (2 weeks apart). Group I was untreated and sacrificed at 12 weeks; group II received clarithromycin at 20 mg/kg/day for 8 days, beginning 5 days after each inoculation (early treatment); and group III received a similar dose of clarithromycin starting 2 weeks after the third inoculation and continued for 6 weeks thereafter (delayed treatment). To test for a possible antiinflammatory effect of clarithromycin, two other groups of uninfected rabbits (12 animals in each) were fed 0.5% cholesterol-enriched chow, and one of these groups was treated with clarithromycin at 30 mg/kg/day for 6 weeks. Of 23 untreated infected rabbits, 8 developed early lesions of atherosclerosis, whereas 2 of the 24 early-treated group II had similar changes (P ‫؍‬ 0.036 [75% efficacy]). However, in the delayed-treatment group, group III, 3 of 24 rabbits developed early lesions of atherosclerosis, thus demonstrating 62.5% reduction compared to the untreated controls (P ‫؍‬ 0.07 [trend to statistical significance]). C. pneumoniae antigen was detected in 8 of 23 group I (untreated) rabbits versus 1 of 24 of the early-treated (group II) rabbits and 4 of 24 animals in the delayed group III (P ‫؍‬ 0.009 and 0.138, respectively). All of the untreated, cholesterol-fed rabbits had moderate to advanced atherosclerosis (grade III or IV); clarithromycin had no effect on reducing the prevalence of but did reduce the extent of atherosclerosis in the cholesterol-fed rabbits by 17% compared to untreated controls. Thus, clarithromycin administration modified C. pneumoniae-induced atherosclerotic lesions and reduced the ability to detect organism in tissue. Early treatment was more effective than delayed treatment.
Recent preliminary clinical trials have suggested that newer macrolides may reduce secondary events after heart attack (15, 16) . These studies were done on the premise that atherosclerosis and vascular complications may be partially caused by an infectious agent, i.e., Chlamydia pneumoniae.
C. pneumoniae is a common respiratory pathogen responsible for community-acquired pneumonia, sinusitis, and bronchitis (11) (12) (13) . It is also strongly implicated in the pathogenesis of atherosclerosis based on seroepidemiological studies (6, 14, 32, 33) , histopathological findings of the organisms in atheromatous plaques (1, 2, 4, 20, 36) , the recovery of viable organisms from carotid and coronary diseased arteries (19, 22) , and various animal models. We and others were able to induce vascular damage of the aorta resembling early lesions of atherosclerosis in the rabbit by C. pneumoniae infection by itself (7, 21) or by C. pneumoniae infection in combination with a lowcholesterol-enriched chow (27) that can enhance atherosclerosis.
Clarithromycin, like all macrolides, shows potent in vitro activity against C. pneumoniae and is a recommended treatment for community-acquired pneumonia and lower-respiratory-tract infection with this organism. However, there is no report of clarithromycin on C. pneumoniae-related atherosclerosis in the animal model. Furthermore, the newer macrolides have anti-inflammatory activity, and studies are needed to determine whether any possible modifying effect on the development of atherosclerosis could be related to this nonspecific activity rather than the antimicrobial effect.
The objectives of the present study were twofold, First, we wanted to determine whether a macrolide (clarithromycin) active against C. pneumoniae could prevent atherosclerosis after infection in the rabbit by early treatment or reverse the changes with delayed treatment. Second, we sought to determine whether clarithromycin could prevent or reduce atherosclerotic changes in rabbits fed cholesterol-enriched chow but that were not infected with C. pneumoniae, since macrolides have anti-inflammatory properties (35, 38) .
MATERIALS AND METHODS
This study was approved by our institution's (St. Michael's Hospital) Animal Care Committee, and the guidelines were strictly adhered to.
Animals. One-month-old, male, New Zealand White, specific-pathogen-free rabbits were used in all of the experiments. Three groups I to III (24 animals per group) were fed standard chow without cholesterol supplementation and were infected with C. pneumoniae. Two additional groups (12 animals per group) were fed 0.5% cholesterol enriched chow but were not infected with C. pneumoniae. Euthanasia was achieved at sacrifice by injection of concentrated pentobarbitol (340 mg/ml) at 0.3 ml/kg in the marginal ear lobe vein.
C. pneumoniae strains and inoculum. TWAR strain AR-39 (Seattle, Wash.) and ATCC strain VR1310 (originally respiratory isolates) were used in the studies. Strain AR-39 was used in the first inoculation, and strain VR1310 was used in the subsequent two inoculations for groups I to III. The organisms were grown in HEP-2 cells (31) . Infected cells were harvested with sterile glass beads and ultrasonic disruption after 72 h. Cell culture grown organisms were partially purified by one cycle each of low-and high-speed centrifugation, resuspended in sucrose-phosphate-glutamic acid buffer, and frozen in 1.0-ml aliquots at Ϫ70°C. Inoculum preparations were adjusted to contain 1.5 ϫ 10 7 to 2.6 ϫ 10 7 inclusionforming units of C. pneumoniae in 1.0 ml. Contamination by Chlamydia trachomatis, Chlamydia psittacci, or Mycoplasma species was excluded by analysis with PCR genus-and species-specific primers (23) and monoclonal antibody stain.
Design. (i) Group I. Group I (untreated controls) were inoculated with C. pneumoniae via the posterior nasopharynx on three separate occasions, 2 weeks apart, by using a small catheter without any sedation, and were sacrificed at 12 weeks after the first inoculation.
(ii) Group II. Group II animals were inoculated as described above, but 5 days after each inoculation the rabbits were treated with clarithromycin at 20 mg/kg/ day by oral gavage for 8 days each time. Animals were sacrificed at 12 weeks after the first inoculation.
(iii) Group III. Group III animals were inoculated similarly, but treatment was delayed until 2 weeks after the final inoculation, with the same dose of clarithromycin but given daily for 6 weeks until sacrifice, which occurred 12 weeks after the first inoculation.
(iv) Group IV. Rabbits in group IV were fed cholesterol-enriched chow, were not infected, and were sacrificed at 12 weeks (untreated cholesterol control).
(v) Group V. After 6 weeks of being fed cholesterol-enriched chow, the rabbits in group V were treated with clarithromycin at 30 mg/kg/daily for 6 weeks until sacrifice 12 weeks after starting. (See Fig. 1 for a flow diagram of the study design.)
The experiments on the separate groups were performed in batches at separate times with decontamination of the room after each experiment. The treatment was not blinded, but the investigator assessing the histopathology and immunostain was blinded to the specific group or treatment.
The initial dosage of clarithromycin chosen was based on preliminary pharmacokinetic data noted in a pilot study of four rabbits receiving a dose of 20 mg of clarithromycin/kg that resulted in levels in blood similar to those of seen in humans; unfortunately, the initial assay used was subsequently found to be inaccurate. The dosage of 30 mg of clarithromycin/kg was subsequently used in the cholesterol-fed rabbits when we realized that the 20-mg/kg dosage resulted in blood levels that were lower than predicted. A higher daily dose was not chosen since rabbits were poorly tolerant of clarithromycin at a higher dose (Abbott Laboratories [unpublished data]).
Antibiotic assay. Blood was taken from a random sample of rabbits in groups II, III, and V for the assay of the concentrations of clarithromycin and 14-hydroxyclarithromycinserum in serum. Four rabbits received 20 mg of clarithromycin/kg/day, and four received 30 mg/kg/day. The blood was taken after the second day of dosing at 4, 12, and 24 h of dosing. The serum assay was performed by BAS Analytics (West Lafayette, Ind.) by high-pressure liquid chromatography and mass spectrophometry. BAS Analytics, a division of Bioanalytical Systems, Inc., had validated a high-performance liquid chromatographic method for the determination of clarithromycin and 14-hydroxyclarithromycin in rabbit serum. This assay utilizes liquid-liquid extraction, followed by liquid chromatography coupled to triple quadrupole mass spectrometry (LC/MS/MS).
Clarithromycin (A-56268) and 14-hydroxyclarithromycin (A-62671) were extracted from rabbit serum (0.200 ml) by liquid-liquid extraction. Before the extraction, erythromycin B (A-24091.0; internal standard for A-56268 and A-62671, 50 l of a 5-g/ml working solution), water (1.0 ml), carbonate solution (1.0 ml), and methyl-t-butyl ether (2 ml) were added to the sample. The samples were vortexed and centrifuged. The ether layer was transferred to a clean tube and evaporated under nitrogen to dryness. The residue was reconstituted in 100 l of 23% acetonitrile-77% (50.0 mM) ammonium acetate (pH 4.90 Ϯ 0.05). The extract was injected into an atmospheric pressure chemical ionization LC/ MS/MS system utilizing two short cyano columns coupled in series, with a 23% acetonitrile-77% (50.0 mM) ammonium acetate mobile phase.
Calibration standard samples of A-56268 were created from blank rabbit serum spiked in the concentration range from 1,000 to 10.0 ng/ml. Calibration standard samples of A-62671 were created from blank rabbit serum spiked in the concentration range from 800 to 10.0 ng/ml. The quality control sample concentrations for both compounds were 750, 150, and 30.0 ng/ml.
The precision for six replicates for the upper limit of quantitation (set at 1,000 ng/ml) was Ϯ3.6%, and the accuracy of the mean was 101.6%. The precision for the lower limit of detection (set at 10 ng/ml) for six replicates was Ϯ4.2%, and the accuracy of the mean was 96.2 to 98.2%.
Pathology. At sacrifice, the entire aorta from the ascending aorta to the iliac bifurcation was removed and cleansed of any fat. The aorta was split longitudinally, and sections were taken from the ascending, arch, descending, and abdominal portions of the aorta. Multiple sections were taken from the ascending, arch, descending, and abdominal portions of the aorta by a standardized method from rabbits in all of the infected groups (Fig. 2) .
All specimens obtained were fixed in 10% buffered formalin, processed, and paraffin embedded. Hematoxylin and eosin (H&E) staining and elastic (Movat's pentachrome) staining were performed on sections for histological examination. Selected sections were processed for examination under electron microscopy. Aortic lesions were graded histologically, modified from Daley et al. (5) Other vascular changes in the infection model that were noted but not classified as atherosclerotic lesions included myxoid changes and "periaortitis." Myxoid lesions were defined as isolated accumulation of ground substance in the aortic intima and intima-medium junction, demonstrated by light blue-green staining on Movat's pentachrome stain. In experimental atherosclerosis with either injury or hypercholesterolaemic models, there is increased ground substance or glycosaminoglycans during early atherogenesis (34) . Periaortitis represents the focal accumulation of inflammatory mononuclear cells between the outer wall of the aorta and the adventitia. These cells consist of macrophages and T and B lymphocytes, as shown by immunohistochemical stains with specific monoclonal antibodies.
Sudan IV staining. Sudan IV staining was carried out according to a previously described method (30) on aortic surfaces from the aortic arch to the iliac bifurcation of the cholesterol-fed groups (groups IV and V) to detect intimal fat for quantitation of gross atherosclerosis (24) . The extent of staining was evaluated by measuring the total area and the stained area by using Sigma Scan Pro(Jandel Scientific, San Rafael, Calif.) software and an IBM computer with a scanner (30) .
Immunohistochemical study. Immunohistochemical staining (20) for C. pneumoniae antigen was performed on paraffin-embedded sections by the labeled (strept)avidin-biotin-peroxidase method (3) by using the Histo-Stain kit (Zymed). The antisera used included C. pneumoniae-specific monoclonal antibody RR-402 and Chlamydia genus-specific antibody CF-2 (Washington Research Foundation, Seattle), as well as a second C. pneumoniae-specific monoclonal antibody Chlamydia Cel Pn (Cell Lab). In selected cases, factor VIII and smooth muscle actin (Dako), T cells, B cells, and macrophage markers specific for rabbits (Serotec) were added to adjacent sections to identify endothelium cells, smooth muscle cells, T cells, B cells, and macrophages, respectively.
A negative control experiment with phosphate-buffered saline instead of primary antibodies was performed in each run. Positive controls for C. pneumoniae included positive lung and spleen samples from our previous study (7) , and cell pellets of the C. pneumoniae inoculum prepared in Hep-2 cells were fixed in formalin and embedded in paraffin.
Blinding. The pathologist reading the histopathology and the immunohistochemical slides was blinded to the groups from which the sections of aorta were obtained.
Data analysis. The prevalence of atherosclerotic lesions in the treated groups was compared to the untreated group by Wilcoxon rank sum test by using SAS software (version 7). A quantitative assessment could not be performed since the lesions were small, discrete, patchy foci in groups I to III. The difference in the surface area of the aorta staining red with the Sudan IV between groups IV and V was analyzed by analysis of covariance with adjustment for the total area, and the prevalence of C. pneumoniae antigen in the various groups was compared by using 2 analysis or Fisher's exact test.
RESULTS
One of the rabbits in the untreated group died accidentally before completion of the experiment and was excluded from the analysis. Of the 23 untreated rabbits (group I), 8 developed early patchy lesions of atherosclerosis in the arch and descending aorta (predominantly grade III lesions, with mainly spindle cell proliferation). These lesions were grossly visible as discrete foci of slightly raised, pale patches. Another five rabbits had myxoid-like changes accumulating between the intima and media, without other changes of atherosclerosis; and eight animals showed focal accumulation of mononuclear cells on the outer wall of the abdominal aorta, adjacent to the adventitia, a condition we classified as "periaortitis." The results of early and delayed treatment with clarithromycin are shown in Table  1 . In the early treated group II, 2 of 24 animals developed grade II and III lesions of the aorta; in the delayed-treatment group III, 3 of 24 rabbits had atherosclerotic lesions (one with a grade I lesion and two with grade IV lesions) (P ϭ 0.036 and 0.07, respectively, for the early versus delayed-treatment groups).
Early treatment after infection was moderately effective (75%) in preventing changes of early atherosclerosis of the aorta. Delayed treatment was less effective (62.5%), with a trend toward a significant difference compared to the untreated controls. Treatment was not effective in preventing the myxoid changes seen in the untreated group, but the periaortitis lesions were absent in the two treated groups. In the cholesterol-fed groups (IV and V), all rabbits developed advanced atherosclerotic changes (grade III to IV), with grossly visible diffuse raised lesions. The morphometric analysis of the Sudan IV-stained aortas showed ca. 17% difference in the mean areas of involvement between the untreated and the clarithromycin-treated groups (68.1% Ϯ 10.8% [standard deviation] versus 51.2% Ϯ 21.1%, respectively [P ϭ 0.022]). The mean total concentrations of cholesterol in serum in these two groups (groups IV and V) were similar: 57.7 versus 56.8 mmol/ liter.
The concentrations of clarithromycin and its 14-hydroxy metabolite in the sera of rabbits treated with two different doses of clarithromycin are summarized in Table 2 . The results of the immunostain for C. pneumoniae antigen are summarized in Table 3 . Positive immunostain for C. pneumoniae antigen was localized to atherosclerotic and periaortitis lesions and rarely to areas of myxoid changes. In the untreated animals, 8 of 23 (group I) had detectable C. pneumoniae antigen in the aorta, whereas 1 of 24 of the early treatment group II and four of the 24 delayed-treatment rabbits (group III) had detectable antigen (P ϭ 0.009 and 0.138, respectively).
DISCUSSION
C. pneumoniae can induce changes in the aortas of rabbits not receiving a cholesterol-supplemented diet that resemble the early lesions of atherosclerosis. Macroscopically, the lesions in the aorta are small, slightly raised, barely visible, discrete, and few in number, whereas the cholesterol-induced lesions were more diffuse, prominent, and widespread. Microscopically, the lesions in the infection model contain less foam cells than the cholesterol model and were more fibromuscular (with predominantly spindle cells). However, we have previously shown that the lesions produced in the rabbit aorta by C. pneumoniae infection closely resemble microscopically the lesions produced by a 0.15% cholesterol diet that result in cholesterol levels in serum similar to those recommended for humans (8) . We have demonstrated that these changes do not occur in sham-infected or Mycoplasma pneumoniae-infected rabbits (8) and thus do not appear to be the nonspecific effects of any chronic infection. C. pneumoniae infection has also been demonstrated to enhance the aortic changes seen with a cholesterol-enriched diet in the rabbit (27) and to accelerate atherosclerosis in hypercholesterolemic murine models (18, 25) . The enhancement of intimal thickening or atherosclerotic changes seen in cholesterol-fed animals infected with C. pneumoniae may not be specific for this microorganism, as is also seen in rabbits infected with Pasteurella multocida and fed a cholesterol-enriched diet (30) . However, unlike an infection with C. pneumoniae, a P. multocida infection alone without cholesterol supplementation does not induce aortic damage (Mary Richardson, unpublished data).
Our study has shown that acute treatment with clarithromycin soon after inoculation is moderately effective (75%) in preventing atherosclerotic changes. Similar results were seen with early treatment with azithromycin administered at 30 mg/ kg/day initially for 3 days and then every 6 days until sacrifice (87% efficacy) (9) . However, delayed treatment with clarithromycin was partially effective (62.5% efficacy), and a larger sample size might have shown greater statistical significance. The delayed treatment with clarithromycin appears promising and more effective than that seen with intermittent dosing of azithromycin for 4 weeks (which showed no reduction of lesions) (9) . Early treatment represents a preventative strategy following respiratory infection and before the development of aortic lesions, whereas delayed treatment can be used to assess the ability of the antibiotic to reverse preformed lesions, since intimal lesions can develop within 4 weeks (7). Clearly, the preventative strategy is more effective. The reasons for the apparent greater efficacy of clarithromycin compared to azithromycin after delayed treatment may be due to daily dosing and longer duration of therapy rather than intrinsic activity. Although the in vitro activity of clarithromycin against C. pneumoniae is greater than that of azithromycin (90% MIC of 0.03 g/ml versus 0.125 to 0.25 g/ml [17] ), the intracellular concentration of azithromycin is much higher (200-to 500-fold the extracellular level versus 10-to 20-fold [29] ) and the terminal half-life is much longer (10) .
The concentrations measured in the serum of rabbits demonstrate that the mean peak levels (at 4 h after dosing) were less than the concentrations reported in humans after 500-mg or 250-mg multiple dosings, which usually average 2 to 3 g/ml and 1.0 g/ml, respectively (28) . The concentrations of clarithromycin in serum achieved in the rabbits, despite being very low, had an antimicrobial effect, as indicated by the number and severity of the atherosclerotic lesions and a reduction in the ability to detect C. pneumoniae antigen in the treated animals. However, the concentration of clarithromycin achieved in rabbit serum is still severalfold higher than the MIC (0.03 g/ml), and one can expect the intracellular levels to be 10-to 20-fold higher (29) . In addition to the protective effect of clarithromycin in reducing the prevalence of early atherosclerotic lesions, the rate of C. pneumoniae antigen detection was also substantially decreased by early treatment. It is unclear whether the positive antigen in the delayed treatment group represents viable or dead organisms, since C. pneumoniae is extremely difficult to recover from rabbit tissues (26) .
Although the newer macrolides have been reported to have anti-inflammatory properties, in our study clarithromycin had only a mild effect in reducing the extent of atherosclerosis induced by a cholesterol-enriched diet. Hence, it would appear that clarithromycin can prevent early atherosclerotic lesions in the rabbit model mainly by its antimicrobial activity. This is also consistent with the observation that clarithromycin and azithromycin appear to have only slight anti-inflammatory effects in an animal model (35) . Based on our results, clarithromycin given at 250 mg twice daily for several months would be a reasonable dose to use for future clinical trials in humans to assess the value of clinical benefit in atherosclerotic heart disease.
In conclusion, our study has demonstrated that clarithromycin administered early after C. pneumoniae infection can attenuate the de novo development of early atherosclerotic lesions of the aorta in the rabbit. However, treatment initiation after lesions developed was not as effective with the treatment regimen used. Additional studies with higher doses or more frequent dosing and longer periods of treatment are needed. 
